Abstract Sabah, a Malaysian state at the north-eastern tip of Borneo, is situated in one of the Earth's biodiversity hotspots yet its freshwater gastropod diversity remains poorly known. An annotated checklist of the freshwater gastropods is presented, based on specimens deposited in the BORNEENSIS collection of the Institute for Tropical Biology and Conservation at Universiti Malaysia Sabah, Malaysia. A KMZ file is also provided, which acts as a repository of digital images and complete collection data of all examined material, so that it can be shared and adapted to facilitate future research.
Introduction
Mollusca is the second most diverse animal phylum after Arthropoda, and nearly 4000 species of gastropods have been described from freshwater habitats alone (Strong et al. 2008) . Freshwater gastropods achieve the highest diversity and endemism in tropical South-east Asia which includes the ancient lakes of Sulawesi (Indonesia) and Inle (Myanmar), as well as large river systems like the Mekong river basin (Strong et al. 2008) . However, the total number of known species might represent only half of the species diversity, and many species remain to be discovered and described (Lydeard et al. 2004 ). In addition, although the IUCN conservation status has been assessed for only approximately 10% of these known species, freshwater gastropods account for 20% of recorded mollusc extinctions (Lydeard et al. 2004 , Strong et al. 2008 .
Although the number of extinct molluscs recorded in Asia is far less than other regions (Régnier et al. 2009 ), it may not reflect the reality that Asian malacofauna face a vast variety of threats (Köhler et al. 2012) . Rather, this paradox is more likely due to the expertise and knowledge of freshwater gastropod being biased towards other regions (Bouchet 1997 , Cuttelod et al. 2011 , Johnson et al. 2013 . Despite the high diversity of freshwater molluscs in South-east Asia, research involving freshwater snails has been mainly concentrated on the field of medical malacology, with most of the focus being on the zoonotic parasites hosted by these snails (e.g., Lim et al. 1976 , TROPMED Medical Group 1986 . As a result, little else is known about the molluscan hosts themselves. Seminal work done by van Benthem Jutting (e.g., 1956 , 1959 and Brandt (1974) provided the most comprehensive insights into the diversity and distribution of freshwater molluscs in Indonesia, parts of Peninsular Malaysia, and Thailand. Decades later little progress has been made to update the information, where large knowledge gaps remain in the biodiversity, ecology and physiology of South-east Asian freshwater molluscs (Köhler et al. 2012) .
Borneo, the third largest island in the world, is regarded as one of the Earth's biodiversity hotspots because of its high species richness and endemism and its highly threatened habitats (Myers et al. 2000) . The overall diversity of freshwater gastropods in Borneo, however, remains poorly known compared to the rest of South-east Asia. Previous faunistic studies recorded not more than 30 freshwater gastropod species from Borneo (Issel 1874 , Bock 1881 , Aldrich 1889 , von Martens and Thiele 1908 , Solem 1964 , Hill et al. 1997 , Köhler and Glaubrecht 2002 , Shabdin 2010 , Ng et al. 2015a . In contrast, more than 300 freshwater gastropod species have been recorded in Indochina (Thailand, Myanmar, Laos, Cambodia) (Brandt 1974 , Köhler et al. 2012 and from areas much smaller than Borneo. For example, in Java, more than 60 species are known (Marwoto et al. 2011) and in Singapore, around 20 species have been recorded (Clements et al. 2006 , Tan et al. 2012 , Ng et al. 2014 , 2015b , 2016a , 2016b , 2016c .
In Borneo and particularly in the northern Malaysian state of Sabah (Figure 1 ), a complete species list that is based on primary data (i.e., based on accessible museum collections) does not exist. Previous studies of selected freshwater snails that focused on Sabah were limited to a few ecological (Supian and Ikhwanuddin 2002) , parasitic (Lim et al. 1976) , and pest control studies (Teo 2001 (Teo , 2003 (Teo , 2004 ). Presently, the task of identifying freshwater gastropods is complicated by the difficulty in obtaining comparative material from these past studies. Hence, an annotated checklist is provided for the freshwater gastropods in Sabah as a baseline framework and an identification tool for future studies. Instead of compiling species listed in previous studies or from unverifiable museum material, this checklist is based solely on the specimens collected from Sabah which are deposited in the BORNEENSIS collection of the Institute for Tropical Biology and Conservation at Universiti Malaysia Sabah, Malaysia.
All the specimens were catalogued using the BORNEENSIS Mollusca Collection in-house database, under the prefix of BOR/MOL #### to serve as stable specimen identifiers for future interrogation (e.g. Page 2016) . In addition to the species list and representative images for each species, we also created a KMZ file as a repository of digital images and complete collection data of all the examined materials. All the specimen data are published under Creative Common license CC BY 4.0 so that it can be shared and adapted to facilitate future research Dikow 2004, Miller et al. 2015) . As the collection is based on a small number of surveys, this checklist is not a complete checklist for Sabah freshwater gastropods but it serves as a starting point to explore the diversity and taxonomy of freshwater gastropods not only in Sabah, but also for the rest of Borneo.
Materials and methods
The freshwater gastropods deposited in the BORNEENSIS collection, Institute for Tropical Biology and Conservation, Universiti Malaysia Sabah, Malaysia (BOR/ MOL), presently consists of 49 dry collection lots and 76 wet collection lots. A total of 849 specimens (between 1 and 59 specimens per lot) were examined. Approximately half of the collection lots were collected in 2016 by J. Dulipat, A. Zieritz, M. LopesLima and T.S. Liew, whereas the rest were collected between 1997 and 2014. Most of the collections were made on the west coast of Sabah (Figure 1 ). The majority of the specimens were collected opportunistically and picked by hand and it is likely that smaller species were missed. Identification was done to species level based on the shell morphology by referring to H. Adams (1874), A. Adams (1885), Smith (1894 Smith ( , 1895 , von Martens and Thiele (1908) , van Benthem Jutting (1956) , Brandt (1974) , and Tan et al. (2012) . Synonymy follows Brandt (1974) , Köhler and Glaubrecht (2001) , Glaubrecht et al. (2009 ), Cowie (2015 , and Eichhorst (2016) . Distribution of each species in the checklist was summarised from the collection information, some of which contain words in the Malay language -pulau: island, gua: cave, sungai: river. The exact GPS coordinates for each collection lot was specified. If no exact GPS coordinates were available for a collection lot, approximate GPS coordinates were determined based on available locality information. Representative specimens of each of the collection lots were photograph using a single-lens reflex camera. Lastly, a KMZ file was created which consists of a main KML file and a supporting folder with all the photographs taken from each collection lot.
Results and discussion
In total, 18 species were identified, from 14 genera and nine families of freshwater gastropods, including four non-native species. Their details are provided in the checklist below. The number of species recorded in this list is similar to that of Singapore (20 species), which has a much smaller landmass compared to Sabah (Clements et al. 2008 , Ng et al. 2014 , 2015 , 2016b , 2016c . As such, it is clear that this list represents only a small fraction of the total freshwater gastropod diversity in Sabah which, together with bivalves, have been estimated to be 100 species (Solem 1964) . Nevertheless, this checklist presents complete specimen information (Suppl. materials 1 and 2) for nearly two-thirds of previously known taxa in Borneo (Issel 1874 , von Martens and Thiele 1908 , Solem 1964 , Hill et al. 1997 , Shabdin 2010 , Ng et al. 2015a ).
Systematics

Family AMPULLARIIDAE Gray Genus Pila Röding, 1798
Pila ampullacea (Linnaeus, 1758) Figure 2A Synonyms Remarks. The species has previously been recorded from Tuaran and appeared to have been eaten by local communities (Lim et al. 1976 ).
Genus Pomacea Perry, 1810
Pomacea sp. Distribution and habitat. Along the north-western coast from Kota Marudu to Kota Kinabalu and Tenom, and in the interior at Keningau. Habitats include freshwater swamps, rivers, and drains.
Remarks. Ampullariids of the genus Pomacea originate from South America and are globally-invasive, causing widespread damage to paddy fields in South-east Asia (Joshi and Sebastian 2006). The harm brought about by Pomacea prompted various studies to control their spread, including in Sabah (Teo 2001 (Teo , 2003 (Teo , 2004 . Pomacea canaliculata was first recorded from the state in 1992 (Yahaya et al. 2006) , and has previously been found in paddy fields in Tuaran, Tambunan and Keningau (Teo 2004) . Another species, the morphologically similar Pomacea maculata, has been widely introduced to South-east Asia (Hayes et al. 2008 (Hayes et al. , 2012 and may also be established in Sabah. However, fresh materials were unavailable to confirm the identity of Pomacea from Sabah using molecular methods, which are the best for distinguishing between the species (Matsukura et al. 2013 ). Remarks. This species was first described from Pulau Banggi, off the north-east coast of Sabah. Figure 2E Material examined. BOR/MOL8293, BOR/MOL8304, BOR/MOL8312, BOR/ MOL8700.
Family NASSARIIDAE Iredale Genus
Clea sp.
Distribution and habitat. Found from two localities close to Kota Kinabalu, rivers on the offshore island of Pulau Gaya, and Kiansom forest, approximately 20km from the city.
Remarks. This species lacks the spiral striae of Clea bangueyensis and lacks the transverse striae of Clea nigricans A Adams, 1885, which was described from the neighbouring state of Sarawak (Adams 1885).
Family NERITIDAE Rafinesque Genus Neritina Lamarck, 1816
Neritina pulligera (Linnaeus, 1767) Figure 2F Remarks. This species is generally found in clear, coastal freshwater streams and rivers from Okinawa, and south through South-east Asia and Australasia (van Benthem Jutting 1956, Brandt 1974 , Eichhorst 2016 .
Synonyms. Neritina rubella
Genus Septaria Férrusac, 1807
Septaria porcellana (Linnaeus, 1858) Figure 2G Synonyms. Navicella aponogetonis Vahl, 1795; Sandalium pictum Schumacher, 1817; Navicella suborbicularis Sowerby, 1825; Navicella depressa Lesson, 1831; Navicella zebra Lesson, 1931 ; Navicella gaimardi Récluz, 1841; Navicella quoyi Récluz, 1841; Navicella affinis Mousson, 1865; Navicella fissa Mousson, 1869; Navicella haustrum Reeve, 1856; Navicella orbicularis Reeve, 1856; Navicella squamata Dohrn, 1858; Navicella pulcherrima Tapparone-Canefri, 1883.
Material examined. BOR/MOL8292, BOR/MOL8302, BOR/MOL8307. Distribution and habitat. All lots were collected from rivers of Pulau Gaya, off the coast of Kota Kinabalu.
Remarks. This species is widespread in coastal freshwater streams, rivers and lakes from Sri Lanka to Australasia (van Benthem Jutting 1956 , Eichhorst 2016 .
Genus Vittina HB Baker, 1924
Vittina coromandeliana (Sowerby, 1836) Figure 2H Synonyms. Remarks. This species can be found in brackish estuarine areas (streams and mangrove swamps) from Japan through South-east Asia to Australasia, and India (Brandt 1974 , Eichhorst 2016 . Figure 2I Synonyms. Remarks. This species can be found in coastal freshwater bodies in South-east Asia and Australasia, and the Pacific islands (van Benthem Jutting 1956 , Brandt 1974 , Eichhorst 2016 ). Remarks. This species has previously been synonymised with Sulcospira schmidti (Martens, 1908) , which was also originally described from Borneo (Köhler and Glaubrecht 2001) . Shells appear to be highly plastic, with material examined having shells with rounded or pointed basal lips, with or without raised ribs, and with or without spiral striae at the bottom of final body whorl. Other species of Sulcospira have previously been described from Borneo (see e.g., Köhler and Glaubrecht 2001 , Köhler and Dames 2009 , but pending further analysis and availability of fresh material for molecular sequencing, we tentatively consider all material conspecific.
Vittina variegata (Lesson, 1831)
Family VIVIPARIDAE Gray Genus Sinotaia Haas, 1839
Sinotaia guangdungensis (Kobelt, 1906) Figure 3A Material examined. BOR/MOL8674, BOR/MOL8709. Distribution and habitat. Collected from a paddy field stream in Kota Marudu, and from a pond in Nabawan.
Remarks. Sinotaia guangdungensis is native to Southern China and has to date, been introduced to Peninsular Malaysia, Singapore, and Australia (Ng et al. 2014 ). This is a first record for Sabah. Remarks. Originally described from Batang Lupar in neighbouring Sarawak, and Gua Gomantong in the Kinabatangan area. The material in BORNEENSIS include shells collected from the vicinity of Gua Gomantong. Figure 3C Material examined. BOR/MOL1225. Distribution and habitat. Single lot found in the vicinity of Gua Gomantong in the Kinabatangan area.
Paludomus luteus Adams, 1874
Remarks. Distinguished from Paludomus everetti by the lack of spiral striae at the suture. 
Family PHYSIDAE Fitzinger Genus Physa Draparnaud, 1801
Physella acuta (Draparnaud, 1805) Figure 3D Material examined. BOR/MOL3451. Distribution and habitat. Single lot collected from Kiansom forest, 20km inland from Kota Kinabalu.
Remarks. This species is native to North America and has been widely introduced to neighbouring Sarawak and Brunei, on Borneo (Ali 1993 , Ng et al. 2015b ). This appears to be the first record of the species in Sabah.
Family PLANORBIDAE Rafinesque Genus Indoplanorbis Anandale & Prashad, 1920
Indoplanorbis exustus (Deshayes, 1834) Figure 3E Material examined. BOR/MOL6716, BOR/MOL8681. Distribution and habitat. Collected from rivers in Tawau and Tuaran. Remarks. Indoplanorbis exustus has a wide distribution across Asia and is an intermediate host of zoonotic parasites (Liu et al., 2010) . In Peninsular Malaysia, the species has been shown to host Schistosoma spindale, that causes cercarial dermatitis in infected humans (Chiew et al. 2009 ). The snail was not recorded from Tuaran in the 1970's (Lim et al. 1976) , and both lots in BORNEENSIS were only collected in 2016. Remarks. This cryptogenic species is widespread across tropical Asia and is invasive around the world (Cianfanelli et al. 2016) . Distribution and habitat. Labuan. Widely-distributed throughout the state and on offshore islands, including Tenom, Kota Kinabalu, Pulau Gaya, Pulau Tiga, Tuaran, Kota Belud, Tawau, and Pulau Bohey Dulang and Pulau Bodgaya, off Semporna. Recorded from rivers, paddy fields, and concrete drains.
Family THIARIDAE Gill Genus
Genus Melanoides
Remarks. This species originates from West Asia and East Africa but has become widespread and invasive across the world (Pointier 1999 Remarks. This species is widespread in most water bodies from India to Australasia (van Benthem Jutting 1956) .
